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An optical shutter based on charged particles is presented. The output light intensity of the 
proposed device has an intrinsic dependence on the interparticle spacing between charged particles, 
which can be controlled by varying voltages applied to the control electrodes. The interparticle 
spacing between charged particles can be varied continuously and this opens up the possibility of 
particle based displays with continuous grayscale. 



I. INTRODUCTION 

The flexibility and bistability are the two key points in 
the next generation display technologies. The flexibility 
implies the display would be thin, lightweight, and ul- 
timately, paper like, meaning it would be cheap enough 
to be disposable. The bistability implies the technology 
would be ecologically friendly. In the bistable display, 
the image does not need to be refreshed until rewrit- 
ten and, therefore, a low level of power consumption is 
expected for still images. Unfortunately, for motion pic- 
tures, the bistability has no advantages in power savings 
over nonbistable technologies such as liquid crystal dis- 
plays (LCDs), plasma display panels (PDPs), and dis- 
plays based on organic light emitting diodes commonly 
referred to as OLEDs. 

The display technologies based on particles are the 
most prominent candidates for a flexible and bistable dis- 
plays. The earliest display based on particles dates back 
to 1970's when Otajll) filed for a patent. Since then var- 
ious particle-displays based on electrophoresis and elec- 
trowetting principles have emerged to form what is now 
referred to as "E-paper technologies" in the industry. (0; 0; 

In electrophoresis, particles are usually suspended 
in a fluid. Because the speed at which particles move in- 
versely vary with fluid density, particle-displays based on 
electrophoresis have slow response time, typically on the 
order of 300 ms. (7; 8; 9) This makes motion pictures un- 
suitable for electrophoretic particle-displays. The issue 
of slow response time in electrophoretic particle-displays, 
however, has been resolved with the unveil of Quick Re- 
sponse Liquid Powder Display (QR-LPD) by Hattori et 
al.(0; [Til; E3 E3) The QR-LPD is distinguished from 
the rest of particle based displays in that it uses air as 
the particle carrying medium rather than fluid. Because 
the particles in QR-LPD move in air, its response time 
is at 0.2 ms, which is even faster than LCDs. The sub- 
millisecond response time makes QR-LPD the only candi- 
date based on particle-display capable of handling motion 
pictures, and researches are being conducted for particle- 
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displays with air as the particle carrying medium, ifll l 

Common to all particle-displays, regardless of whether 
air or fluid is used as the particle carrying medium, is 
the lack of continuous grayscale. Here, the terminology, 
"continuous grayscale," is referred to as the number of 
grayscale levels required to produce desired number of 
colors. In principle, a display device with continuous 
grayscale can generate an infinite range of colors. That 
being clarified, a high grayscale range is essential to qual- 
ity displays. Without it, the images displayed on mon- 
itors would be dull.(fl5l) Recently, it has been reported 
particle-display based on QR-LPD can generate up to 16 
grayscale levels (i.e., 4 bits), which corresponds to the ca- 
pability of generating 4096 colors. (flU: \Vm To the propo- 
nents of other competing flat panel display technologies, 
such as flexible LCDs, PDPs, or OLEDs, 4 bits of gray 
scale range could hardly be considered a technological 
milestone. However, considering only 4 grayscale levels 
were possible just a few years ago for particle-displays, 16 
grayscale levels is a significant technological advancement 
for the E-paper technology. (fl8T l 

The most well known E-paper technology, E-Ink, ob- 
tains different gray states through modulation of voltages 
supplied to the control electrodes. The same mechanism 
is employed by particle-displays based on QR-LPD for 
achieving different gray states. (fol: Because the voltage 
is modulated at a value lower than the saturation voltage, 
which is the voltage required to display either all black 
or all white for a simple black-and-white display, the dis- 
played image would have intensity somewhere between 
that of completely black and completely white. This ap- 
proach to achieve different gray states, however, is done 
at the cost of losing bistability. Since the pixel is being 
constantly modulated to sustain a gray state, the situa- 
tion is equivalent to motion pictures and the power sav- 
ings from bistability no longer applies to gray states. In 
spite of the lost bistability advantages over the other com- 
peting flexible display technologies, the speed at which 
particle can be modulated is limited by its finite inertia 
(mass) and this places a practical limit on the extent to 
which the grayscale levels of particle-display can be en- 
hanced by the aforementioned method. Most recently, 
Chim (fl9T l demonstrated a 64 grayscale levels (or 6bits) 
for particle-display based on QR-LPD for his masters the- 
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sis project at Delft University of Technology. However, 
to generate 64 grayscale levels, the DATA Driver, which 
is a serial to parallel shift register that shifts data words 
of 6 bits per clock cycle, is required. 



cles inside the chamber, the hydrophobic treatment on 
the surface of the passivation layer, which is not explic- 
itly shown in the figure, for example, prevents particles 
from sticking to the surface. 
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Figure 1 (Color online) Transflective display based on 
charged particles. 



In this work, a display architecture based on charged 
particles is presented. Unlike the previous particle- 
display technologies, the proposed device has potential 
to generate continuous grayscale levels without sacrific- 
ing the benefit of bistability. Also, the proposed particle- 
display technology, in principle, does not require compli- 
cated voltage modulation schemes to generate different 
gray states. (|20T l 



II. CHARGED PARTICLE-DISPLAY 

A. Device structure 

The cross-sectional schematic of an optical shutter 
based on charged particles of same polarity is illustrated 
in Fig. [TJ In the figure, the two electrodes, where each 
is labeled top and bottom electrodes, constitute the con- 
trol electrodes. Because the light must be transmitted 
through the control electrodes, the electrodes are cho- 
sen from optically transparent conductors. The chamber, 
wherein the particles reside, can be a vacuum, filled with 
noble gas, or filled with air. The metallic reflectors, which 
forms the lateral surface of the chamber, are electrically 
connected to one of the control electrodes. This make 
metallic reflectors not only to reflect light, but also func- 
tion as to keep particles from aggregating to the lateral 
surface of chamber. The optically transparent passiva- 
tion layer, which is treated on the inner surface of the 
chamber, functions to prevent charge transfer between 
particles and conductors. For positively charged parti- 
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Figure 2 (Color online) Transmission of light through a 
medium filled with total of N suspended spherical parti- 
cles. Both of the compressed and the uncompressed cases 
are shown. 



B. Operation principle 

The intensity of light transmitted through a medium 
filled with suspended spherical particles, illustrated in 
Fig. [2 is given by 



I = Iq exp 
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where n and k are, respectively, the real and the imagi- 
nary part of the complex refractive index for the medium 
and the particles suspended in it; Iq is the initial inten- 
sity, A is the wavelength of incidence light, h is the height 
(or thickness) of the volume containing ch arge d particles, 
and / is the volume fraction of particles. (| 2 lh In explicit 
form, the volume fraction of particles is 



/ 
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where N is the total number of particles in the optical 
chamber, v p is the volume of a single particle, h c is the 
height of compressed cylinder containing charged parti- 
cles, and A is the cross-sectional area of the cylindrical 
chamber illustrated in Fig. [21 Throughout this work, I 
shall refer to terms such as "compressed state" or "com- 
pressed particle volume" to denote the compression of the 
volume containing particles. Insertion of / into Eq. ([TJ) 
gives 
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where C is just a constant. 

The complex dielectric constant, e, and the complex 
refractive index, ri, are expressed in form as 



n + ik, 



(3) 
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where e± and n are the real parts, and £2 and k are the 
imaginary parts. For the complex refractive index, n 
represents the real refractive index and k is the extinction 
coefficient (or the absorption coefficient). The two, i and 
n, are related by the expression 

e-n 2 = 0. 

With the real and imaginary parts inserted for e and n 
from Eq. ((3j) , I have 

£1 + i£2 — (n + ik) 2 = 0. 

The resulting expression can be rearranged to yield 

(ei - n 2 + k 2 ) + i (e 2 - 2nfc) = 0. (4) 

Equation (j4]) can only be true if and only if the real and 
the imaginary parts are equal to zero independently. This 
requirement yields the two expressions connecting (ei, £2) 
to the optical constants (n, k) ; and, the two expressions 
are 

ei=n 2 -k 2 , e 2 = 2nk. (5) 

Stoller et al.(|22TI measured the complex dielectric con- 
stant, e (£1, £2) , for the single gold nanoparticle. For the 
gold nanoparticles of diameters 10 and 15 nm, assuming 
a spherical morphology, they observed a reasonably good 
correspondence existing between complex dielectric con- 
stants of the bulk gold and the gold nanoparticles for 
the wavelength range of roughly 510 to 580 nm. Their 
finding is of significant importance, as it allows the bulk 
gold dielectric constants, which is readily available, to 
be used for the gold nanoparticles, which is not so read- 
ily available. Since the real and the imaginary parts of 
the complex dielectric constant are related to the op- 
tical constants (n, k) thru Eq. |(5]), the n and k for the 
gold nanoparticles are readily available once E\ and £2 are 
known from the bulk counterpart. The vice versa is also 
true, of course. Fortunately, Johnson and Christy mea- 
sured the optical constants for the bulk copper, silver, 
and the bulk gold. lfi^ ) Justified by the findings of Stoller 
et al.,(22) for A = 550 nm, assuming the gold nanopar- 
ticle of radius r p = 7.5 nm, the n and k measurements 
from the work of Johnson and Christy. |23h 

( n = 0.43, 

bulk gold: h — n + ik, < k = 2.455, (6) 

I A = 550 nm, 

can be utilized for the gold nanoparticles to plot Eq. (f2|) 
for the transmitted intensity. 

For a spherical gold nanoparticle, the particle volume, 
v p , is given by 

4 3 

where r p is the particle radius. Assuming the diameter 
of 15 nm for the gold nanoparticle, v p becomes 



To plot Eq. |(2|), I shall assume the following values for 
the chamber parameters, (the height h and the cross- 
sectional area A), and the particle number, N, 
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Figure 3 Schematic of curves illustrating the intensity, /, of 
transmitted light as a function of compression height, h c . 

Before going ahead with plotting Eq. |f5]), it is worth- 
while to double check if the total number of particles, N, 
specified in Eq. ([8} is reasonable. With chamber param- 
eters as defined in Eq. ([8]) , the volume of the cylindrical 
chamber is 

V = Ah = nh 3 . 

Suppose the charged spherical particles can be com- 
pressed and enclosed in a confined volume in such a 
way that neighboring particles actually touch each other. 
How many particles, under such restrictions, can be fit- 
ted inside the chamber defined by Eq. The answer 
is iV max and its expression is 

w --H(£)'- (9) 

For the spherical particle of radius r p = 7.5 nm, the -/V max 
is roughly 

iV max « 1.7 x 10 12 . (10) 

For the charged particles, the condition of neighboring 
particles actually touching each other is not possible due 
to Coulomb repulsion, unless the external compression 
force is infinite. Nonetheless, the expression for N max , 
defined in Eq. J9]), provides the upper limit for N inside 
the chamber. 

The physical optical shutter based on charged parti- 
cles must be compressible in order to allow variations in 
transmission intensity, which imposes the condition, 



r p = 7.5nm, v p = 1.77 x 10~ 24 m 3 . 



(7) 
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Equivalently, the variability of transmission intensity 
thru compression requires N ^ and this further modi- 
fies the condition for N as 



< iV < N u 



(11) 



The inequality condition for N, defined in Eq. l[TTj) . can 
be understood from the illustration shown in Fig. 02 
where some of the possible curves for the transmission 
intensity, I, as a function of the compression height, h c , 
are shown. The cases where N — and N — N max are 
represented by the curves corresponding to AI/Ah c = 
at I = Iq and 1 = 0, respectively. Similarly, the the 
curve corresponding to AI / Ah c = at I — in the fig- 
ure represents the case where N = N ma ^. For N = N max , 
the particles in the chamber are already maximally com- 
pressed and, therefore, no light gets transmitted. On the 
other hand, for N = 0, all light gets transmitted through 
the optical shutter, as the inside of the optical shutter is 
a void. 
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Figure 4 Array of metallic nanoparticles in grid formation. 
The parameter X is the grid (or particle-particle) spacing and 
A is the wavelength of the incidence light. For the charged 
particles inside the chamber, the parameter X can only be 
thought of as the time averaged mean particle-particle dis- 
tance between the nearest neighboring particles. Nonetheless, 
the grid representation illustrated here serves the purpose of 
initiating the crude connection between the wavelength of in- 
cidence light, A, and the total particle number, N. 

For the case of any finite N satisfying the condition 
defined in Eq. l(TT)l , the curve for the transmission inten- 
sity must necessarily lie in the region between the two 
extreme cases, N = and N = -/V max , as schematically 
demonstrated in Fig. [3l Three such curves, correspond- 
ing to finite N, are illustrated in the figure: (1) the up- 
per curve represented by AI/ Ah c = f (h c ) , (2) the curve 
represented by AJ/A/i G = a, and (3) the lower curve rep- 
resented by AI / Ah c = / (h c ) , where a is a constant and 
/ (h c ) is a function of h c . The two curves corresponding 
to AI/Ah c = f (h c ) only appreciably varies in trans- 
mission intensity with compression within the window of 
(3 — 6, where (3 — 5 <C h. Such curves are associated with 
N, in which the N is finite but close to either N = 
or N — N max . Because the transmission intensity only 
appreciably varies within j3 — 5 <C h for such choices of 



N, the gray states are difficult to achieve as it requires 
very precise control of the compression height. For ex- 
ample, assuming the particles can be compressed at the 
increment in Ah c , the fact that j3 — 6 w Ah c makes it dif- 
ficult to achieve gray states. To achieve gray states, the 
Ah c , which defines the sensitivity of compression, must 
be much smaller than (3—5. Consequently, the transmis- 
sion intensity curves for the aforementioned choices of N 
are only good for displaying either completely bright or 
completely dark transmission states. 
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Figure 5 The nanoparticles of radius r p are separated by X, 
which is the nearest surface to surface separation between 
two neighboring particles. The imaginary particles of radius 
n = r p + 0.5X are, however, in closed packed formation for a 
given nearest surface to surface separation of X. 

The optimal design for the presented optical shutter 
is achieved by choosing N for the total particle num- 
ber in the chamber in such way that the curve for the 
transmission intensity goes like AI/Ah c = a, where a 
is a constant, in Fig. 03 Because the curve is linear for 
the transmission intensity, the window of range in which 
compression can be done is maximized, h — S < h. For 
this particular choice of N, the Ah c , which is the incre- 
ment at which particles can be compressed, is much less 
than h — S, i.e., h — 5~^> Ah c , and the number of different 
gray states that can be achieved is given by 



gray ~ AK ■ 



(12) 



In principle, the Ah c can be made finer and finer as 
desired. In reality, the fineness of Ah c is limited by the 
system design. Nevertheless, with the right choice of N, 
the grayscale levels in number of ^V gray , as defined in 
Eq. (fl2|) . is possible with the presented optical shutter 
based on charged particles. The question remains to be 
answered is this: how do we go about obtaining the right 
N? To answer this, I shall refer to the illustration shown 
in Fig. [H 

Due to the wave nature of light, the total particle 
number and the transmission intensity depend on the 
wavelength, A, of the incidence light. As a rudimentary 
assumption, the transmission loss of an electromagnetic 
wave passing through an array of metallic particles de- 
creases for X ^> A and increases for X < A/j, where 



5 



j = 2, 3, • • • , which is schematically illustrated in Fig. 
IH The case where X ^> A represents the situation in 
which N is very small, whereas the case where X < X/j, 
represents the situation in which <C N <C TV max , pro- 
vided the j is not too large. It is, therefore, not too 
bad to impose the condition, X w A/2, for X in esti- 
mating for the total number of particles in the chamber. 
For A = 550 nm, this condition for X yields the value of 
X = 275 nm. To figure out exactly how man particles can 
be fitted inside the chamber under restriction X ps A/2, 
the Fig. [5]is referred to. Since X is the closest distance 
between surfaces of two nearest neighbor particles, I shall 
visualize an imaginary particle of radius r\, 

n = r p + 0.5X. (13) 

Assuming the imaginary particles are close-packed inside 
the chamber, the problem becomes identical to the previ- 
ous case, which resulted in Eq. ((9]). With r\ of Eq. lfl3|) 
inserted for r p in Eq. J9]), the expression becomes 

where iV max has been replaced by N m - m . With N m - 1B de- 
fined in Eq. ifFI)) . the number of particles inside the 
chamber may be chosen according to the inequality, 

« N miB < N « /V max . (15) 

It can be easily verified that iV min 3> 0. For X — 275 nm, 
which corresponds to the half wavelength of A = 550 nm, 
N min is roughly iV min » 2.46 x 10 8 . This value for 7V min 
is much larger than zero, but it is much smaller than 
N max , which has the value iV max ps 1.7 x 10 12 from Eq. 
(fTUll . For the optical shutter involving charged particles 
of spherical morphology and the cylindrical chamber of 
specifications defined in Eq. JH|), the inequality condition 
for N, Eq. lfl5|) . becomes 

f(^) S ^«?(^. »-.v-ae, 

Equation has been computed using gold nanopar- 
ticles as the charged particles (the gold nanoparticle was 
chosen only because its optical constant data, n and k, 
were readily available) . For the charged particles and the 
incidence light, the parameters defined in Eq. ((6]) were 
used. The parameters defined in Eq. ([8]) were used for 
the chamber specification. Using Eq. |(2]), the transmis- 
sion intensity for different values of TV were considered 
and the results are shown in Fig. [H The N = 30 x 10 6 
curve is the case where particle number is relatively low 
in the chamber. As it can be observed, for low particle 
numbers in the chamber, the intensity does not vary well 
with compression except for small h c , which is consistent 
with the curve represented by AI/Ah c = f (h c ) in Fig. 
03 Contrarily, the N = 900 x 10 6 curve corresponds to 



the case where too many particles are inside the cham- 
ber. Although the transmission intensity varies linearly 
with compression, which is a good characteristic of an 
optical shutter, the output intensity is far too low even 
for the brightest state. For TV = 900xl0 6 , the brightest 
state only transmits 10% of the initial input intensity, 
i.e., I/Iq = 0.1. As expected, the N = 246xl0 6 curve in 
Fig. [H which corresponds to the case where X = A/2 
for A = 500 nm, most resembles the curve represented by 
AI/Ah c = a in Fig. [3j However, the brightest output 
intensity is only ~ 50% of the input intensity of the inci- 
dence light. Compared to LCDs, where only ~ 5% of the 
intensity of the incidence light from back light unit gets 
transmitted, the output intensity of ~ 50% is already 10 
times more efficient than LCDs. 

Dependence of transmission intensity on h c and N 
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Figure 6 (Color online) Transmission intensity as a function 
of particle number, N, and the compression height, h c . The 
abbreviation "mil" in the figure denotes a million, i.e., 1 x 10 6 . 

The same principle, which is inherent in Eq. J2]), ap- 
plies to the proposed optical shutter, Fig. [TJ In the 
presented device, the chamber is filled with charged par- 
ticles of same polarity and this can be identified with the 
medium filled with suspended particle in Fig. [2 The on 
set of electric field inside the chamber, which is done by 
controlling the voltage over one of the electrodes, causes 
particles to be compressed in volume, as illustrated in 
Fig. [3 Since the particles are assumed to be positively 
charged, they are compressed in the direction of electric 
field. Eventually, the compression comes to a stop when 
particle-particle Coulomb repulsion counterbalances the 
compression induced by the control electrodes. 

In principle, the level of compression for the particle 
volume can be varied continuously. Because the intensity 
of transmitted light varies with compression, i.e., Eq. (J2j) , 
the display based on charged particles has the potential 
to generate continuous gray levels. Also, since the control 
electrodes form a capacitor, provided there is no leakage 
(or negligible) current across the capacitor, the electric 
field inside the chamber can be sustained even when the 
device is disconnected from power. This opens up the 
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possibility of a bistable mode for gray states as well. 

The presented device works as an optical shutter, pro- 
vided the charged particles can be effectively prevented 
from piling up at the surface of dielectric walls. When a 
charged particle is brought close to the dielectric surface, 
the bound charges within the dielectric get redistributed 
in order to reduce the field originating from the charged 
particle placed near vicinity of dielectric surface. Such 
is illustrated in Fig. [U For the case where a positively 
charged particle is placed near the surface of a dielec- 
tric, the surface bound charges of opposite polarity get 
induced and distributed near the inner surface of dielec- 
tric. As a result, the positively charged external particle 
gets pulled to the dielectric surface and, eventually, stick- 
ing to the surface of dielectric, which process is illustrated 
in Fig. EJ If there are more than one positively charged 
particles placed at the vicinity of dielectric surface, the 
aforementioned process continues and, eventually, layers 
get formed, for example, the layers A and B in the fig- 
ure. This process does not continue indefinitely, however, 
as the bound charges of opposite polarity within the di- 
electric get eventually shielded by the positively charged 
particles forming layers over the dielectric surface. Be- 
cause the particles in each layer are charged with same 
polarity, the Coulomb repulsion keeps the two particles 
from touching each other. Assuming the layer B is suf- 
ficient to shield completely the negatively charged sur- 
face bound charges within the dielectric, the remaining 
positively charged particles in the region between two di- 
electric walls would have no other places to go, except 
to continuously bounce back and forth within the region, 
which region has been indicated by M in Fig. [9l 
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Figure 7 (Color online) The on set of electric field compresses 
the filled volume for charged particles. 

The aforementioned description for an optical shutter, 
however, has a serious problem which is associated with 
the particle layers forming on the surface of dielectric 
walls. Assuming the path of light propagation is along 
the horizontal axis, the light enters the device from the 



left and exits at the right or vice versa. In principle, the 
compression of charged particles in region, M, controls 
the intensity of transmitted light. The problem arises 
because the charged particles forming layers A and B on 
the surface of dielectric walls may no longer be optically 
transparent. As previously discussed, using the illustra- 
tion in Fig. [4] as an example, metallic particles in an 
array of grid formation severely reduces the intensity of 
transmitted light for grid spacing, X, much less than the 
wavelength, A, of the incidence light. I now discuss the 
ways to resolve this complication. 
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Figure 8 (Color online) Charged particles near dielectric wall. 
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Figure 9 (Color online) Charged particles in region M are 
shielded from the negatively charged surface bound charges 
within the dielectric wall. 
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Figure 10 (Color online) Transparent charged layer formed by 
ISAM or electron beam irradiation method effectively plays 
the role of positively charged particle layers at A and B. 
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It is well known that the surface of a typical SiC>2 
glass becomes hydrophilic in an open air as a result of 
the sila ne g roup at the surface of glass combining with 
oxygen. ^24; 2.5) This has the effect of making the surface 
of glass to be slightly negatively charged and any posi- 
tively charged particles in vicinity would be attracted to 
the glass surface forming layers such as those, e.g., A and 
B, illustrated in Fig. [9l Unless the attracted, positively 
charged, particles are optically transparent, the device 
would not be able to function as an optical shutter for no 
light would to pass through the device. Necessarily, the 
role of layers A and B in Fig. [9] must be played out by 
particles of same polarity as those residing in region M, 
but distinguished from those residing in region M in that 
they are optically transparent. One way to achieve this 
is to chemically treat the surface of glass so as to make it 
hydrophobic. The hydrophobic treatment of glass elec- 
trically neutralizes the glass surface, thereby significantly 
reducing the oppositely charged particles from sticking to 
the glass surface. For large and weakly charged positive 
particles, simple electrical neutralization of glass surface 
by hydrophobic treatment is sufficient to keep particles 
from permanently sticking to the surface. In such sys- 
tem, charged particles are continuously bounced off of 
the wall and do not stick to the surface. However, for 
smaller and well charged positive particles, simple hy- 
drophobic treatment of glass surface is not sufficient to 
prevent oppositely charged particles from sticking to the 
glass surface. For such cases, it is necessary to make the 
surface of glass net positively charged. This can be eas- 
ily done by utilizing the technique known as "ionically 
self assembled monolayer" (ISAM), in which technique 
charged particles, polymers, or monomers of preferred 
polarity are physically attached to the surface. (26f) Alter- 
natively, and more directly, the glass may be irradiated 
with electron beam to physically embed charged particles 
inside the glass medium. H3; HI) In this latter method, 
for example, net negative charges may be made to ac- 
cumulate inside the glass. This has the effect of induc- 
ing positive charges on the surface of glass, which repels 
positive charged particles in vicinity of the glass surface, 
thereby preventing particles from sticking to the surface. 
In summary, the role of positively charged particle layers, 
A and B in Fig. [9l may be effectively get taken cared 
by the aforementioned ISAM or the electron beam irra- 
diation methods; and, using these alternative techniques, 
the glass surface repels charged particles inside the cham- 
ber and it is optically transparent, as illustrated in Fig. 

Sol 

To utilize charged particles in displays, a quantita- 
tive understanding of how design parameters, such as 
(L e , i z . £) for the sub-pixel dimensions and (r, p m , Q) for 
the charged particle, enter into the compression mecha- 
nism is required. Here, r is the particle radius (assuming 
a spherical particle), p m is the particle mass density, and 
Q is the net charge which the particle holds. Describing 
the compression mechanism in terms of the aforemen- 
tioned design parameters is the task for the next section. 



C. Theory 

The optical shutter presented in this proposal relies on 
the density of particles in chamber to control the inten- 
sity of transmitted light. An analogy can be made to 
the driving under misty weather. When the density of 
water vapor suspended in the atmosphere is heavy, one 
is obscured in his or her viewing distance, as less light 
reaches the eye. Contrarily, the amount of light reaching 
the eye increases with a reduction in density of water va- 
por suspended in the atmosphere, thereby enabling the 
driver to see far distances. 

The particles in chamber of the proposed optical shut- 
ter ranges in diameter anywhere from a few nanome- 
ters to several microns, assuming a spherical morphol- 
ogy. This range for the particle size, although small 
macroscopically, is much too large to be considered for a 
treatment within quantum domain, where the quantum 
theory must be used for a description. Therefore, the 
classical theory suffices for the description here. Since 
the charged particles in the system, as a whole, behave 
like a classical gas, the description is carried out in the 
realm of statistical physics. 

To keep the topic presented here self-contained, I shall 
briefly summarize the kind of manipulations and approx- 
imations assumed in obtaining expressions which are con- 
sidered crucial to the initial development of the analysis. 

1. Maxwell-Boltzmann statistics 

The charged particles in chamber can be treated 
as classical particles obeying the Maxwell-Boltzmann 
statistics. H§) The ith charged particle under influence 
of external forces, for example, gravitational and electric 
forces, assumes the energy 

P 2 

ZTTil 

3 

where Pi is the center of mass momentum for the ith 
charged particle and the term associated with it is the 
kinetic energy, [/ ext is the interaction energy with exter- 
nal influences, and U- mt is the energy contribution arising 
only if the particle is not monatomic. 

In explicit form, U ex t can be expressed as 

N 

tt V s kqQiQj 

= L 7 " " + 

j&\(xi-Xj) +(yi-yj) +(zi-Zj) 
+ QiEzi, 

where N is the number of particles in volume, the Qi and 
Qj denote respectively the net charges for the ith and jth 
particles, E is the electric field magnitude, and the con- 
stants g = 9.8 ms" 2 and fc q = 8.99 x 10 9 Nm 2 C" 2 in 
MKS system of units. For a monatomic particle, the en- 
ergy contributions from the internal rotation and vibra- 
tion with respect to its center of mass vanishes, U- mt = 0. 
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Therefore, the ith monatomic charged particle under the 
influence of external forces assumes the energy 



Ui =- J — + rriigzi + QEz { 



_P 

2uii 

N 

1*' [< 



fcqQ 2 



/) +{Vi-Vj) +(zi-ZjY 



1/2 : 



(17) 



where, for convenience, all particles in the system are 
assumed to be identically charged with same polarity, 
i.e., Qi = Qj = Q. 

The gravity and electric field have directions, and this 
information must be taken into account in Eq. lfT7|). To 
do this, the parameter z% is first restricted to a domain 

{D : Q< Zl <oo}. 

With Zi restricted to a domain defined by T>, the grav- 
itational potential energy of a particle, rmgzi, increases 
with positive g and decreases with negative g as Zi in- 
crease. Therefore, the direction of gravity in Eq. ifTTj) 
can be taken into account by 

_ J +9.8 ms -2 if gravity points in — e 3 , . . 
y —9.8m s -2 if gravity points in +e 3 . * ' 

The electric potential energy of a particle, QEzi, in- 
creases with positive E and decreases with negative E 
as Zi increase. For a positively charged particle, its elec- 
tric potential energy increases as it moves against the 
direction of electric field and decreases as it moves in the 
direction of electric field. The direction of electric field 
inside the chamber can hence be taken into account in 
Eq. QUI by 



E = 



-E if E points in — e 3 , 
-E\{ E points in + e 3 . 



(19) 



The probability of finding the particle with its center 
of mass position in the ranges (R$; <£Rj) and (p^; dpi) can 
be expressed as 



P s (Ri, d 3 R J (i 3 p i oc exp - 



Ui 

fc R T 



d s Kid 3 Pi, (20) 



where T is the temperature in units of degree Kelvin 
(°K) and fee is the Boltzmann constant, fee = 1.38 x 
10- 23 J/(°K). With Eq. (HJ, P s (R i; Pi) d 3 R l d 3 p l be- 
comes 



( pf 

tx exp 

V 2m l k B T 



d 3 pi 



x exp 



x exp 



N 

E 



i [(a 



{Vi 



1/2 



rriig + QE 



Zi 



d d R, 



(21) 




Figure 11 Particles are compressed in — e3 direction. The ith 
particle is the top most particle and all other particles are 
ahead of it in the direction of compression. 



2. Approximation 

The presence of repulsive Coulomb interaction, 



E 



[fa - x 3 f + { Vl - Vj f + - ZjY 



1/2 • 



makes Eq. ([2T|) difficult and this term must be approxi- 
mated. The configuration depicted in Fig. [11] is referred 
for the analysis. 

As the ith particle gets compressed in the direction of 
electric field, it experiences net electric field given by 



E 



net — E e j + E 



rep i 



where E e i is the electric field inside the chamber gener- 
ated by external electrodes and E rep is the electric field 
produced by all other particles inside the chamber. Be- 
cause E e i and E rep are oppositely directed, the magni- 
tude £net = ||E ne t|| is given by 



E„ 



£el — E v . 



(22) 



To estimate E rep , Fig. [TT]is considered. The vectors A, 
B, and C satisfy 

B = C A. (23) 

In cylindrical coordinates, (p, <j),z),A and C become 

A = p 2 cos (^2) ei + p2 sin (0 2 ) e 2 + Z2e 3 , 
C = (7? + e)e 3 , 

where (^2,^2,^2) represents the cylindrical coordinates 
for particle labeled as 2 in Fig. [TTJ With A and C thus 
defined, Eq. f23|) becomes 



B 



-p 2 cos (02) ei - p 2 sin (0 2 ) e 2 + (77 + s - z 2 ) e 3 . 
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At C, the electric field contributed from particle labeled 
as 2 is given by 

kqQ \—pi cos (foei — p 2 sin </> 2 e 2 + (77 + e — 22) 



p| + (77 + £ - z 2 )' 



3/2 



Because both gravitational and electrical forces are as- 
sumed to depend on z coordinate only, the ei and e 2 
components of E 2 average to zero to become 



p% + (?] + £- z 2 ) 



3/2 



e 3 - 



All particles in the cylinder, not just the particle labeled 
as 2 in Fig. HH contributes to form E rep . Hence, 



N-l 



E,. 



Q (77 + e - Zj) 



j=1 \pj + ( r i + £ — z jY 



3/2 



e 3] 



(24) 



where N is the number of charged particles in the cham- 
ber. For N sufficiently large, the coordinates pj and Zj 
can be replaced by pj — > p and Zj — ► z. In the continuum 
limit, the summation symbol gets replaced by 

/ / pd<pdpdz 
'2=0 ip=o 7 1/1=0 

and the charge Q is replaced by 

Qtot ]_ y^ Q= (iV-l)Q 



N-l 

E 

3=1 



Volume 27r^?7 



3=1 



2tt^77 



where volume is that of cylinder illustrated in Fig. Ql] 
and Qtot is the total charge inside it. In the continuum 
limit then, where N is assumed to be sufficiently large, 
Eq. (|24|) can be approximated by 



E,. 



fcq (JV-l)Q 

2<?7 

X / / / 

,/z=0 ./p=0 .7 0=0 



(7/ + £ — z) pd(j)dpdz 



p 2 + (77 + e - z)" 



3/2 



e 3 , 



which result, integrating over the <j>, becomes 



E r . 



K (JV-l)Q 



(r? + £ — z) pdpdz 



2=0 «'p=0 



p 2 + (7/ + e - zy 



3/2 



e 3 . 



(25) 



With the change of variable, 



x — p 2 + (7/ + £ — z) , dx = 2pdp, 



the p integral in Eq. I|25|) becomes 

(7/ + £ — z) pdp (7/ + £ — z) f dx 



P 2 + (77 + £ — zy 



3/2 



(7/ + £ — z) 



With x reverted back to the original variable, the p inte- 
gral becomes 



(77 + £ - z) pdp 



(77 + £ - z) 



p=0 



p 2 + (77 + £ - zY 



3/2 



p 2 + (77 + £ — zY 
(77 + £ - z) 
£ 2 + (t? + £ - zf 



Insertion of the result into Eq. (|25|) yields 

k q (N-l)Q fc q (N -1)Q 



E t 



-e 3 



77 + £ — Z 



£77 

zdze3. 



~° \/c 2 + (77 + £-z) 
With the change of variable, 

y = £ 2 + (77 + £ - zf , = -2 (?y + £ - z) dz, 
the z integral in Eq. ([26"1) becomes 

7/ + £ — Z 



(26) 



-.dz 



1 f dy_ 

2J VV 



-Vy- 



With y reverted back to the original variable, the z inte- 
gral becomes 



' -.dz= - Je + (v + e-z) 2 



~-° y / c 2 + (7? + £-z) 

= ^fe + (v+£) 2 -Ve + 

Insertion of the result into Eq. ([26)1 gives the E rep , 

fcq (N-1)Q 



E 



£77 



?/-\/e 2 T^+I) 7 +v / ^ 



e 3 . 



Since the z coordinate of the ith particle is given by 

Zj = 77 + £, 77 = Zi - £, 

the expression for E rep may be rewritten in terms of z% 
as 



E rep « fc q (N - 1) Q 



1 y/l + ^/C 2 , y/l + £ 2 /C 2 

£ Zi - £ Zj - £ 



e 3 . 
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The parameter e has been introduced for a mathemati- 
cal convenience to assure that the iih particle is the up- 
per most particle residing at the top surface of the com- 
pressed volume. Taking the limit e — > 0, the previous 
expression for E rep becomes 











1 Zi 









Erep 



Since Zi is the z coordinate for the ith particle, which is 
the particle residing at the top surface of the compressed 
volume in Fig. [TTJ the E rep defined in Eq. lj27| represents 
the Coulomb repulsion acting on the particle residing at 
the top surface of the compressed volume from all other 
ones within the compressed volume. Insertion of Eq. lj27j) 
into Eq. ((22j) gives 



The E net in current form is only an approximation be- 
cause the expression for E rep , Eq. (|27|l . is an approxima- 
tion. The equality can be made by replacing Q — > Q e g, 
where Qeff is the effective charge to be determined exper- 
imentally. With Qeffj the expression for E net becomes 



E net = E-k q (N-1)Q 



eff 



1 1 

Zl 1 



1 1 



(28) 

where the subscript el of E e \ has been dropped for con- 
venience. 

What is the implication of £: n et? The U of Eq. ((T7|l . 
which is the energy term assumed by the ith charged 
particle under the influence of external forces, can be 
rearranged in form as 



Ui =—- L - + niigzi + Q < ZiE 
2m l 



N 

■E 



k q Q 



jfr Uxi - Xjf + (yi - y 3 ) 2 + (zi - zjY 



1/2 



One notices that the term in the summation is the electric 
field contribution from the jth particle acting on the zth 
particle, 



IE 



k q Q 



rep J I 



(xi-Xj) +{yt-yj) +{zi-ZjY 
Furthermore, one finds 



1/2- 



N 

E iep = ||E rep || = ^2 ||E re pj|| , 

3¥=i 



E = ||E„ 



and Ui can be equivalently expressed as 



P7 



Ui = -p- + rmgzi + Q (z.E + E iep ) . 
2m, 

Since E iep = E e \ — E net , Eq. (|22|) . the Ui becomes 



Ui = jp- + rmgzi + Q( Zi + l)E- QE net . (29) 
2rrii 

Insertion of Eq. lj29|) into Eq. (J20J) gives an alternate 
expression for probability density for finding particle with 
its center of mass position in the ranges (R^dRj) and 
(PijdPi) , 



P s (Ri, d 3 Rid 3 p t oc exp 



m t g + QE 



+ 



k B T 

Q (E ne t ~ E) 



fc R T 



d 3 TL,. 



x exp 



2mik^T 



d 3 Pl , (30) 



which is different from the previous expression, Eq. l|2T)l . 
but now manageable. With Eq. (|28l> inserted for E net , 
Eq. ((30)) becomes 



P a (R i> p i )d s R i d 3 p i 



oc exp 



K (1 - N) QQeff ( 1 , 1 — + - 

\z l £ V zf e 



knT 



m t g + QE 
kWT 



exp 



Pi 



2raik B T 



d 3 R 2 rf 3 Pl , (31) 



Equation ((3TJ) may be integrated over all possible x and y 
values lying within in the container and each components 
of the momentum may be integrated from — oo to oo, 



Pi, + Ply +Pj \ 

2mik B T I 

k q (l-N)QQ eS 
k n T 



P s (zi) dzi oc / ; / exp 

'Pix Jpiy J Pi: 

x dpi^dpiydpi z exp 



11 1 1 

rmg + QE 



k B T 



dzi I / dxidyi. (32) 

J x J y 



The double integral over x and y gives slice area of the 
chamber at z = z' < z' < L„, 



dxidyi = 7r£ 2 , 



(33) 



x Jy 
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Figure 12 Transformation to the two body problem by intro- 
duction of effective charge for the particles inside the imagi- 
nary cylinder. 



where £ is the radius of cylindrical chamber depicted in 
Fig. [HI The momentum integrals are obtained utilizing 
the well known integral formula ((29l ) 

/>oo 

/ (n) = x n exp (— ax 2 ') dx, n > 0, 
Jo 

where solutions are given by 

I(0) = lJl, 7(1) = * I (2) = ±Jl ) etc. 
2 \ a 2a 4a \ a 

The momentum integrals become 



/ / 



exp 



2rriik B T 



dpi^dp„dpi, 



- (27rm i fc B T) ! 



(34) 



With Eqs. p3 |l and pi )) . Eq. (J32J) becomes 



P s (zi) dzi cx-7r£ 2 (2irrriikBT) 2 exp 



£ q (i - AO QQ 



eff 



k B T 




1 1 



m«g + QE S 



dz,. 



With the following definitions, 
K (1 - N) QQ eS 



a 



0= m9 + QE^ (35) 



k B T k B T 
the previous expression for P s (zi) dzi simplifies to 

P s (zi) dz, =\cix£ (2nm l k B T)i 



x exp 




where C is the constant of proportionality to 
be determined from the normalization condition, 
J Q Lz P s (zi) dzi — 1. It can be shown 







[r exp 


H 








(3xi 



dxi 



(37) 



where dummy integration variable and it should 

not be confused with the coordinate x of the cylinder. 

What can be said about Q e ff defined in a? The effec- 
tive Coulomb repulsion from the remaining N— 1 charged 
particles inside the chamber acting on the zth charged 
particle, see Fig. [TTJ is proportional to 



•Fn-i oc (JV — 1) . 



Jeff) 



where Q e ff must be determined empirically from measure- 
ments. In principle, Q e ff takes into account the spatial 
configuration of the N — 1 charged particles in the sys- 
tem because it effectively describes the system, which is 
illustrated in Fig. [HI m terms of the two body problem 
(see Fig. [12]) . Because the total charge in the imaginary 
cylinder must be conserved, it must be true that 

0<(N-l)Q eS <(N-l)Q. 

And, this implies the condition 

< Qeff < Q. (38) 

For describing the trend of volume compression involv- 
ing charged particles, Eq. (|38)l provides the way to esti- 
mate Qeff- Once Q e g is defined, Eq. (|36| may be plotted 
for the most probable height of the compressed volume, 
which volume contains the N charged particles in the 
system. That being said, combining Eqs. f36|) and (p?]) . 
the probability density for the most probable height of 
the compressed volume containing N charged particles 
becomes 



P s (zi) dz. 




where a and (3 are defined in Eq. ((35 



3. Result 

Before plotting P s (zi) , I shall explicitly define the 
charge Q, particle mass to, and the electric field mag- 
nitude E. 
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(positive charge) 

Bottom insulator 
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Figure 13 (Color online) Configuration used to plot P s (zi) 
defined in Eq. ([39]). 



In nature, the charge is quantized and, therefore, it is 
convenient to express Q in terms of the charge number 



Qi = n e q, q = 1.602 x l(T iU C 



(40) 



where q is the fundamental charge unit and n e = 
0, 1, 2, 3, • • • , is the number of electrons removed from 
the particle. 

For the sake of simple analysis, the particles in the 
system are assumed to be spheres of identical radius. The 
mass of each particle would then be given by 



m = -irr p m , 



(41) 



where r is the radius of sphere and p m is the mass density. 

Finally, the electric field generated in the chamber by 
control electrodes is 



E ~T> 



(42) 



where Vq is the voltage applied to the top electrode (the 
other electrode has been grounded). The approximation 
ps in electric field comes about because the effects of pas- 
sivation layers inside the chamber have been neglected 
for simplicity. 

Having defined Q, m, and E, the configuration illus- 
trated in Fig. [His referred to plot P s (z t ) , Eq. J39]). The 
parameters for the configuration are given the following 
values: 



L e = 100 /tin, L z = 90 /im, £ = 50 /im, 
p m = 2.7 gem -3 , r — 50 nm, 
T = 42 °C, N = 1000, n e = 15. 

For the purpose of plotting P s (z^ defined in Eq. (|39|) . I 
shall assume, see Eq. (|38j) . 



Q eff = 0.97Q, 



where Q is defined in Eq. ([40]). The voltages of Vq = V, 
0.1 V, 0.2 V, 0.3 V, and 0.5 V are considered for the top 
electrode (the bottom electrode is grounded). With Vo 
thus defined, the electric field generated inside chamber 
is given by Eq. (@2|). The gravity of g — 9.8 m/s 2 > 
was assumed inside the chamber. The directions for the 
electric field E and the gravitational force F g are deter- 
mined from Eqs. ([181 and (fl9|l . Since both E and g are 
positive, according to the convention defined in Eqs. lfl8|) 
and lfl9|) . the electric field E and the gravitational force 
F g are both directed in — e 3 , which is the negative z axis. 
The P s (z^ of Eq. ([39]) is computed numerically utiliz- 
ing Simpson method for the integral. fsof) The Simpson 
method routine was coded in FORTRAN 90. That be- 
ing said, the results are summarized in Figs. [141 and [15] 
where the three smaller peaks of Fig. [14] are magnified 
and replotted in Fig. [TH 

At Vq = V, that is, when there is no electric field 
inside the chamber other than the static fields from par- 
ticles, the particles are distributed to occupy the en- 
tire volume of the chamber. This is indicated by the 
peak occurring at the physical height of the chamber, 
h c = z = L z = 90 /im. 

At V Q = 0.2 V, an electric field of roughly E w 
2000 Vm -1 is generated inside the chamber. Because 
particles are positively charged, they are compressed in 
the direction of electric field, i.e., the — z direction. This 
force, which induced particle volume compression, even- 
tually gets counter balanced by the Coulomb repulsion 
and the compression ceases. For the case where control 
electrode is held at Vq = 0.2 V, the compression ceases 
at roughly h c — z ps 63 /im (see Fig. [T5]) and this marks 
the most probable height of the compressed volume for 
the case. Finally, with Vo = 0.5 V applied to the control 
electrode, the compressed volume state is reached where 
all particles are cluttered near the floor of the chamber, 
thereby resulting in very high particle density, as illus- 
trated in Fig. [HI 

If charged particles are to be useful for any display 
applications, the charged particle system must be insen- 
sitive to gravitational effects, if not negligible. The effect 
of gravity on the most probable height for the compressed 
volume has been investigated by reversing the direction 
of gravity (but, keeping all other conditions unchanged) 
in Fig. [TH The case where Vo = 0.2 V was selected for 
comparison. The result is shown in Fig. [16] where it 
shows that the most probable height for the compressed 
volume is only negligibly affected by the gravity. 

The influence of cylinder radius £ on the most proba- 
ble height for the compressed volume has also been in- 
vestigated. Again, the case of Vo — 0.2 V was selected 
from Fig. [15] for comparison by considering £ = 50, 60, 
and 70 /im. All other conditions were kept unmodified. 
The result, Fig. [T7l reveals a decrease in height for the 
most probable compressed volume with increasing £ as 
expected. 
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Most probable height of the compressed volume 



Effect of chamber's cross-sectional area on the height of compressed volume 
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Figure 14 (Color online) Most probable height of the com- 
pressed volume containing charged particles. 
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Figure 17 (Color online) The height of the compressed volume 
decreases with the increased radius of the cylindrical chamber. 



Most probable height of the compressed volume 
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Figure 15 (Color online) The three small peaks in Fig. 1141 are 
magnified for detail. Each peak represents the most probable 
height for the compressed volume, where there are N charged 
nanoparticles inside the volume. 



Effect of gravity on the most probable height of the compressed volume 
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Figure 16 (Color online) Gravity has negligible effect on most 
probable height of the compressed volume. 



D. Transmission intensity 

The intensity of light transmitted through a medium 
filled with charged particles goes like, Eq. (J2j) , 



I = Io exp 



h c 



C = 



ZQwRkhNvr, 



A(n 2 



2) 2 A' 



(43) 



where both C and h c have unit of meter, and h c is the 
height of the compressed volume containing charged par- 
ticles. Referring to Fig. [TU the compressed height h c 
corresponds to the z axis where the probability curve 
is maximum. In principle, the compression height h c 
can be varied continuously by controlling the voltages 
applied to the control electrode. This implies the in- 
tensity of light output from the proposed optical shutter 
can be varied continuously, thereby generating continu- 
ous grayscale levels for the device. In reality, the number 
of grayscale levels that can be achieved in the presented 
optical shutter is given by Eq. ((12)1 . 

h-5 



N — 
sray ~ Ah c ' 

where the fineness of Ah c is limited by the system design. 

This work is not the first kind to address potential 
applications with charged particles. Szirmai (31) experi- 
mented with alumina powders to study electrosuspension 
as early as 1990's. In Szirmai 's |3l| l experiment, alumina 
powder of 3 /xm in diameter was placed inside an elec- 
trically insulating cylindrical vessel, which is similar in 
configuration with Fig. [13l The initial charging of alu- 
mina powder was done by a process of field emission, 
which can be achieved by applying high voltage to the 
control electrodes (field emission is the phenomenon in 
which electrons get emitted from the surface of host ma- 
terial, such as nanoparticles, due to the presence of high 
electric fields). Szirmai, |31) however, does not quanti- 
tatively address the compression states of volume con- 
taining charged particles in terms of the design param- 
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eters, as his motive was not in discussing possible ap- 
plications of charged particles for displays. In his ex- 
periment, the control electrodes, in principle, could be 
supplied with whatever high voltages required by it to 
do the job; therefore, the quantitative understanding of 
how design parameters, such as L e , L z , £, p m , r, T, N, 
n e , Vo, and Q e ff Q, enter into the picture of particle 
volume compression never was an issue. 

The competition has always been fierce and it will al- 
ways remain so among different display manufacturers. 
In the near future, when paperlike displays become dom- 
inant, the most important deciding factor to who stays 
in and goes out of business would be determined by the 
power efficiency of their products. That being said, a low 
operation voltage for the control electrodes is crucial for 
all E-paper technologies and the proposed device based 
on charged particles is no exception. The light intensity 
out of each sub-pixel based on proposed charged particle 
display technology varies as illustrated in Eq. (|43l) , where 
h c is the most probable compression height correspond- 
ing to the voltage difference of Vo applied to the control 
electrodes, see Fig. [14l With the Vb restricted to certain 
range, say V < Vb < 1 V, one cannot arbitrarily choose 
the other parameters which constitute the design param- 
eters, i.e., L e , L z , £, p m , r, T, N, n e , and Q. For example, 
if too many electrons are removed from each of the alu- 
minum particles, i.e., n e , the voltage of Vo = 1 V applied 
to one of the control electrodes (the other grounded) may 
not be sufficient enough to overcome the Coulomb re- 
pulsion between particles and compress the particle vol- 
ume to a level where dark state is reached, assuming 
Vb = OV defines the brightest state. On the other end, 
if too many charged particles are present in a chamber, 
i.e., the particle number N, the brightest state achieved 
by setting Vq — V for the control electrode may be too 
dark. The quantitative description of the height h c of the 
compressed particle volume in terms of the so called "de- 
sign parameters" thru the expression P s (z,) , Eq. (|39)l . 
ables the design of particle based display with potential 
to generate continuous grayscale. 



E. Bistability 

The presented optical shutter based on charged parti- 
cles portrays bistability at all states, including the gray 
states. This is possible because the two optically trans- 
parent electrodes act as a capacitor, which has the prop- 
erty of sustaining electric fields even when the device is 
removed of the power supply. To illustrated how the 
bistability is achieved for all states, including the gray 
states, the illustration shown in Fig. [18] is considered. I 
shall begin with an isolated capacitor, in which the two 
electrodes of the capacitor are electrically neutral, result- 
ing in zero electric field inside the region between the two 
electrodes. With the switch closed, the top electrode is 
quickly accumulated with a net positive charge, +Q, and 
the bottom electrode gets accumulated with a net neg- 



ative charge, —Q. The potential difference between the 
two electrodes results in the creation of electric field in- 
side the capacitor, as illustrated in stage 2 of Fig. [HI As- 
suming the charged particles reside in the region between 
the two electrodes, the electric field generated inside the 
capacitor is responsible for the compression of volume 
containing charged particles. Now, when the switch is 
opened, the net charge of +Q remains in the top elec- 
trode and the net charge of — Q remains in the bottom 
electrode, provided the capacitor is ideal, i.e., free from 
the leakage of electrical current. Therefore, for an ideal 
capacitor, the electric field is maintained forever inside 
the region between the two electrodes, thereby sustain- 
ing the gray states even when the device is removed of 
the power supply. 



Stage 1 



Stage 2 



E= 



E> 



Stage 3 



Switch ;\ 
Battery := 



E> 



Figure 18 (Color online) The bistability is maintained by the 
electric field stored in the capacitor. 



In the real system, the role of switch is played by a 
semiconductor transistor, which is very far from being an 
ideal switch and it has finite leakage of current. This de- 
ficiency in semiconductor transistor makes the proposed 
device only semi-bistable, meaning the device must be 
refreshed regularly. This, however, is about to change 
with the current developments in micro electromechani- 
cal systems (MEMS) based switches, which literally has 
zero leakage current for the open state. ((32T 1 Initially, the 
MEMS based switch has been developed in an attempt 
to replace the dynamic random access memory (DRAM) 
architecture for the memory sector of business. How- 
ever, as it lacks in switching speed, it will be a while be- 
fore MEMS based switches can permanently replace the 
DRAMs. As for its use as a switch in display technology, 
the MEMS based switches already show plenty of speed. 
Combined with MEMS based switches, which has zero 
leakage current for the open switch mode, the proposed 
optical shutter based on charged particles opens up the 
possibility of realizing the bistability mode for all states, 
including the grayscale states. 
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III. CONCLUDING REMARKS 

The pioneering work by Szirmai. ((3ll ) Hattori et al . . (fill: 
H; Ll3) and others have exposed the potential applica- 
tions with charged particles. Utilizing charged particles 
in display technologies, however, requires a quantitative 
understanding of how design parameters, such as L e , L z , 
£, p m , r, T, N, n e , Vo, and Q e ff cx Q, enter into particle 
volume compression. In this work, an expression for the 
compressed state, which incorporates the design parame- 
ters, has been presented. The result should find its role in 
the development of displays based on charged particles. 
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